A novel architecture has been employed to fabricate transparent electrodes with high conductivity and high optical transmittance at high incident angles. Soft lithography is used to fabricate polymer grating patterns onto which thin metallic films are deposited. Etching removes excess metal leaving tall walls of metal. Polymer encapsulation of the structure both protects the metal and minimizes diffraction. Transmission is dependent upon the height of the walls and encapsulation and varies from 60% to 80% for structures with heights of 1400 nm to 300 nm. In encapsulated structures, very little distortion is visible (either parallel to or perpendicular to standing walls) even at viewing angles 60° from the normal. Diffraction is at characterized through measurement of intensity for zeroth through third order diffraction spots. Encapsulation is shown to significantly reduce diffraction. Measurements are supported by optical simulations. Abstract: A novel architecture has been employed to fabricate transparent electrodes with high conductivity and high optical transmittance at high incident angles. Soft lithography is used to fabricate polymer grating patterns onto which thin metallic films are deposited. Etching removes excess metal leaving tall walls of metal. Polymer encapsulation of the structure both protects the metal and minimizes diffraction. Transmission is dependent upon the height of the walls and encapsulation and varies from 60% to 80% for structures with heights of 1400 nm to 300 nm. In encapsulated structures, very little distortion is visible (either parallel to or perpendicular to standing walls) even at viewing angles 60° from the normal. Diffraction is at characterized through measurement of intensity for zeroth through third order diffraction spots. Encapsulation is shown to significantly reduce diffraction. Measurements are supported by optical simulations. 645-650 (1984).
Introduction
Transparent conducting electrodes with a combination of high optical transmission and high electrical conductivity are essential and desirable in solar energy harvesting and optoelectronic applications. Transparent conducting oxides (TCOs) are wide bandgap materials that offer high transparency for visible light and relatively good electronic conduction [1] . Indium tin oxide (ITO) and zinc oxide (ZnO) are typical oxide materials used for such purposes [2] . ITO is widely used in flat panel displays and solar cells, but it is also found in heat mirrors and smart-window applications due to its excellent infrared reflection properties [3] [4] [5] . However, there are several drawbacks to using ITO. It is costly due to limited indium resources [6] . The brittle nature of the oxide has also limited its potential use in various novel devices such as flexible solar cells and flexible displays [7] . There is a tradeoff between the optical and electrical properties of ITO dependent on the film thickness [8] . These disadvantages have motivated the search for alternative conducting electrodes with similar or better performance. In recent research efforts, carbon nanotube networks, graphene films, silver nanowire meshes and nanopatterned metal grids have been evaluated as potential replacements for ITO based electrodes [9] [10] [11] [12] . In particular, nanopatterned metal grids made by nano-imprinting techniques are showing promise because of the straightforward and effective process and its amenability to roll-to-roll printing for large area fabrication [12] [13] [14] [15] . Different microscale or nanoscale patterning techniques are being examined to investigate other possible fabrication processes for patterned structures such as transparent electrodes. Due to their light manipulation capabilities, photonic crystal structures show promise in solar radiation collection and absorption for photovoltaic devices and outcoupling efficiency enhancement in solid-state lighting [16, 17] . Various patterning and fabrication techniques to make such photonic structures and their optical properties have been investigated. One simple and cost-effective method utilizes soft lithography [18] .
Recently, we reported a new architecture consisting of transparent nanoscale high aspectratio metallic photonic structures fabricated via a combination of processes, including soft lithography, oblique angle metal deposition and argon plasma ion etching [19] . The optical and electrical properties of these structures were characterized and evaluated to determine their applicability as transparent electrodes. In this report, the optical properties of such structures are investigated in detail to examine their transmission at different incident angles. We also evaluate the encapsulation process to reduced diffraction from these structures for solid-state lighting and smart window applications.
Experimental
One-dimensional (1D) photoresist (PR) grating patterns of 2.5 μm periodicity, 1.2 μm width, and either ~1400 nm or 300 nm height were used to make a PDMS mold following a previously reported soft lithography process [18] . Then the PDMS (polydimethylsiloxane) mold was used to replicate the grating pattern in polyurethane (PU). The PU prepolymer was first dispensed onto a transparent substrate, and then the PDMS mold was brought into contact and mechanically pressed onto the prepolymer. The PU was solidified by UV curing. The PDMS mold was then peeled off of the PU, transferring the 1D grating pattern. During the molding process, excess PU forms an underlayer below the patterned structure (Fig. 1) . This process is not suitable for structure inversion because that underlayer, when exposed, would seal off the channels in the structure. Nevertheless, in cases that don't require inversion, this approach is simple and cost-effective for some applications. After the PU grating structure is fabricated, multiple metal depositions are carried out to form gold (Au) coatings on the PU surface (Fig. 1) . The deposition rate for was maintained at 0.1 nm/s to ensure homogeneous metal coating. Both sputtering and angle evaporation can be applied for the metallization step. Argon plasma etching is performed to remove the metal from the PU top surface and/or in the channels of the grating structure. The etching process is highly anisotropic, so only the metal on top and in the channels is etched but the metal sidewalls remains intact. For applications such as solid-state lighting and smart windows, diffraction from the grating structure must be minimized. We hypothesized that this can be done through an encapsulation process. To encapsulate, additional PU liquid prepolymer was placed on top of the etched structure and UV cured, with a second glass substrate enclosing the entire structure. The additional PU fills the air channels between the metal sidewalls to reduce diffraction from the grating pattern. The optical transmission of the samples was measured with a 3 inch Labsphere integrating sphere with an Ocean Optics S2000 spectrometer with and without a polarizer.
Results and discussion
Fabricated structures were characterized to determine the effect on properties of a number of parameters including the effect of the height of the structure, encapsulation, and angle of incidence on optical transmission. Diffraction intensity measurements were also performed to characterize the extent of diffraction for encapsulated and unencapsulated structures.
Effect of height on optical transmission
Figure 2(a) shows the transmission spectra of samples with 1400 nm height before plasma etching at around 40-45%. With argon plasma etching, the maximum transmission obtained was around 60%. The improved transmission is mainly due to the metal removal on top of PU bars and the reduction in reflection. However, this transmission is still relatively low. This is because while the metal on top of PU bars is being etched, the PU underlayer in the channels is also exposed to argon ions and it is also etched by them. This will create a much deeper trough in the channels and enhance the diffraction effect of the grating structure. Furthermore, for the PU grating where the metal top is removed, the PU material in between the two metal sidewalls is also etched if the process is not stopped. However, when the structure is encapsulated, PU prepolymer fills inside the channels and significantly reduces diffraction. In this case, the measured total transmission is improved to above 70% for wavelengths beyond 600 nm. For the 300 nm height structure, the transmission is 60% before etching. After plasma etching, the total transmission is increased to about 77%. With encapsulation, the transmission intensity was further increased to 80%. Comparing to previously published results, for the taller structure, the total transmission is 10% less than ion milled samples with much smaller areas [19] . The plasma etching is not as effective as the argon ion milling because the argon plasma etching was done at low power (100 watts) for longer times, which results in damage to the polymer during etching. It is likely that a higher power argon plasma etcher would result in better etching for large area samples. 
Effect of encapsulation on optical transmission
To show the optical property differences between the unencapsulated and encapsulated structure, a plasma etched sample was partially encapsulated in one corner. Two identical logos are placed below and about 3 cm away from the sample (Fig. 3) . For the unencapsulated area on the right, a double image is apparent due to the diffraction of the grating structure. For the encapsulated area, the image has little distortion. The diffraction effect is vastly reduced. This approach demonstrates that the structure, when encapsulated, is suitable for transparent electrode applications in solid-state lighting and smart windows. 
Optical transmission at different incident angles
For better comparison, we made a sample with only a small area encapsulated, leaving the remainder only plasma etched, and we recorded a movie clip of the sample showing its transmission and diffraction properties of different areas (for movie clip, see ref [20] .). The movie shows the transmission mode of the sample as well as its dependence on the incident angle by viewing the image from the top. We observed that, when the sample is at a distance from but parallel to the logo, the encapsulated area (top left corner of the sample) still clearly shows the image below without any visible distortion. (Fig. 4(a) ) For the plasma etched, unencapsulated area, however, we observe that the image is indistinct. When the sample is moved closer to the logo, we see double imaging due to the diffraction from the grating, which causes the blur for the unencapsulated area. (Fig. 4(b) ) In contrast, the double image effect was not seen for the encapsulated area when the sample was moved up and down with respect to the logo. Furthermore and more importantly, when the sample was tilted (up to 70°) with respect to the image plane, with the tilting direction either parallel to or perpendicular to the grating direction, the image below can still be seen clearly without any noticeable decrease in transmission intensity through the sample, nor did the sample induce a diffraction effect. (Fig. 4(c) and 4(d) )
In order to quantitatively characterize the effect of encapsulation, we measured the total transmission of the structure at different incident angles. The sample is rotated as a venetian blind -perpendicular to the grating direction. The transmission of a 4x4 mm 2 one-layer grating sample of 2.5 μm periodicity, 1.2 μm width, and 1.2 μm height with 25 nm gold sidewalls after ion milling was measured at different incident angles. Another sample with the same dimensions was used to examine the encapsulation effect on the transmission by applying a PU overlayer on top with the PU filling inside the channels of the grating structure. (Fig. 5 ) An unpolarized light source was first used to examine the average transmission of the structure. For the unencapsulated sample, the transmission is still around 80% when it is tilted 15° from the normal. When the angle is increased to 40°, the transmission drops to around 70%. At 45°, it drops further to 55%. And at 60°, the total transmission is below 50%. Summarizing, without encapsulation, there is a significant reduction in transmission when the light incident angle is large. In contrast, for the encapsulated sample, the transmission intensity stays above 80% even at 30° incident angle. At 45°, the transmission is slightly reduced to around 76-77%. At a 60° angle, the intensity is still about 70%. Additionally, the glass slide alone has a transmission reduction from 92% to 87% when it is tilted at 60°, and for an ITO-coated glass, transmission drops to below 80% at 60° incident angle. This demonstrates that our encapsulated structures still have relatively high transmission at large incident angles. We further investigated the encapsulated structure by comparing its measured and calculated total transmission at different incident angles with polarized light. We used a plane-wave-based transfer matrix method (TMM) to calculate the transmittance of the transparent electrode structure for various incident angles [21] [22] [23] . The calculated and measured transmittances are shown in Fig. 6 (a)-6(d). Figures 6(a) and 6(b) show transmission for a sample rotated in the direction parallel to the grating for p-polarized (with electric field parallel to the plane of incidence) and s-polarized waves (with electric field perpendicular to the plane of incidence), respectively. Figures 6(c) and 6(d) show transmission for a sample rotated as a venetian blind in the direction perpendicular to the grating with s-polarized and ppolarized waves, respectively. The overall agreement between calculation and experimental measurement is high. However, for short wavelengths (400~550 nm) in Fig. 6 (b) and 6(d), the calculated transmittances are lower than the measured values. The discrepancy can be attributed to grain boundary scattering and surface scattering of gold, which also greatly reduces the conductivity when the gold sidewalls are very thin compared to the wavelength [24, 25] . In Fig. 6 (b) and 6(d), the electric field has a component normal to the metal surface, which allows for collective electron oscillations known as surface plasmons (SPs). Upon excitation, SPs lead to a strong increase in the near-field amplitude of the electromagnetic field and hence a strong increase in the absorption along with a decrease in the transmission [see the calculated spectrum in Fig. 6 (b) and 6(d)]. However, the grain boundary scattering and surface scattering make gold less absorptive. As a result, the calculated absorption is overestimated and transmission is underestimated. Total transmission (%) 
Diffraction intensity measurement
We also studied the diffraction phenomenon of the structure in which we shine a HeNe laser (λ~633nm) through the sample and observed the intensity in different orders of diffraction. For the plasma-etched area, the transmitted light formed a diffraction pattern due to the grating structure, and the light intensity was distributed accordingly at different diffraction orders. When the laser was directed onto the encapsulated area, the intensity of the zeroth order was noticeably increased while the light intensities of other orders were very significantly reduced. This indicates the incident light was concentrated in the direct beam with minimal diffraction effects (Fig. 7 ). 
Conclusions
In summary, for applications such as solid-state lighting and smart windows, we have successfully demonstrated a structure with large sample area (5 x 5 cm 2 ). Additional PU prepolymer was used to fill the air channels between the metal sidewalls to reduce the diffraction effect from the grating pattern, and another glass substrate was bonded on top of the structure with the additional PU to form an encapsulated structure. It is likely that most applications would require such encapsulation to protect the structure. It is demonstrated that, with the open trenches filled, this structure does not suffer reduction in optical transmission even at very high incident angles (>70°), and the diffraction is at an insignificant minimum. High transmission at steep incident angles is attributed to the higher refractive index of PU (n ≈1.5) which replaces the low index air gap as well as to the PU overlayer which effectively removes the roughness left by etching. The application of additional PU for encapsulation effectively removes the original PU grating structure, which was the primary cause for the diffraction effect, resulting in thin vertically standing high aspect ratio metal bars with a periodicity of around 1.2-1.3 μm in a continuous medium. Furthermore, at the air/PU interface, if the incident angle of light is 60°, the angle is reduced to about 35° by refraction thereby guiding the light through the structure. The transmission of encapsulated structures can be further improved by the adoption of various anti-reflection treatments at the encapsulation/air interface.
